In this study, a first-principles study using the spin-polarized density functional theory approach within corrected functional was carried out to investigate the electronic features of manganese oxide surfaces under three situations of (a) cation vacancy, (b) intercalation of multi-and univalent ions, and (c) adsorption of a water molecule upon the surface as catalytic performance. The possibility of obtaining the significant absolute magnetic momentum phases from native defects in orthorhombic structures of Mn2O3 and Mn3O4 (001) surface is explored, whereas Mn vacancy provides a transition from the insulating phase into a metal-like nature and modifies the electronic transport. Moreover, bandgap engineering via impurity intercalation has been explored. Ca +2 and Al
Introduction
Manganese oxides, Mn x O y , are technologically significant materials. Their electrochromic, spintronic, and the possibility of external ions intercalation and deintercalation give rise to diverse potential applications in electronic devices like rechargeable batteries, electrochemical super capacitors, sensors, and biological systems as detoxification of superoxide free radicals in organisms [1] [2] [3] [4] [5] . In particular, they are widely utilized as the desirable catalyst for oxygen reduction-evolution reactions and efficient photocatalytic water splitting system. As a consequence, their characteristic features have been explored thoroughly by X-ray spectra [6, 7] . Moreover, manganese oxides have been regarded as the most favorable materials for hydrogen photocatalytic production via water splitting due to their high stability, photocatalytic activity, non-toxicity, and low cost [8, 9] . Quite recently, considerable attention is paid to improve the catalytic performance via diverse systematic approaches and treatments, experimentally [10, 11] .
Manganese (Mn) is a multivalent element; each valence state, therefore, makes characteristic stoichiometric oxide phase or phases. These oxides crystallize in different lattice structures and symmetry space groups. The commonest oxidation states of manganese are +2, +3, and +4, [12] . As a matter of fact, the bandgap of these oxides is too large (more than 2.5 eV) to absorb a re- * corresponding author; e-mail: ma.mansoury@gmail.com markable portion of visible light. However, the optical sorption and reflectivity of these materials can be attuned by injection or extraction of electrons and ions, giving excellent control over and tenability of their functionalities [13, 14] . Bandgap engineering is the process of altering the gap of materials [15] . This is typically done to insulators by controlling the composition of alloys or constructing layered materials with alternating combinations. Impurity dopant via atomic adsorptionsubstitution technique supplies extensive and diverse possibilities for fine-tuning bandgap width.
In the present article, after a brief discussion about the pure bulk properties of multivalent manganese oxides, attention will be focused on the Mn 3 O 4 and Mn 2 O 3 surface reconstruction and detailed analysis of the survey data will be performed. Due to the distinctive catalytic features, their structural and electronic properties will be discussed and a link to the empirical findings will recall as a comparison. Next, the case of Mn cation vacancydefect and substitutional doping by multi-and univalent ions is considered. Lastly, an initial investigation of the electronic structure of these surfaces will be simulated, when a water molecule is adsorbed on the bare surface to explore the catalytic performance.
Calculation method
All staggering calculations were carried out using the Quantum ESPRESSO package which is a plane wave basis set code [16] . The basis set is used to represent the valence orbitals of the system when its size is controlled by the kinetic-energy cutoff (E cut ). Therefore, an E cut value of 30 Ry (≈ 400 eV) is obtained by convergence tests for the whole of the Mn x O y systems to permit comparison on an equal scale. The valence electrons were taken to be 2s 2 2p 4 for O and 3d 5 4s 2 for Mn. Due to the half-filled d-states of manganese atom, it is reported that electronic structure calculations using density functional theory (DFT) profoundly depend on the details of the exchange-correlation functional used [17] . Accordingly, generalized gradient approximation (GGA), and BLYP functional are used for electron exchange-correlation for whole systems in bulk phase [18, 19] .
To achieve optimized settlement between computing time and accuracy, 8×8×8 grid including the Γ -point was chosen for the least difficult cases of MnO and MnO 2 , whose unit cells contain only two and six atoms, respectively. For Mn 3 O 4 , with 28 atoms per unit cell, a 4×4×4 same mesh was applied, while for Mn 2 O 3 , with 80 atoms per unit cell, just the Γ -point was chosen. A structural model of the unit cells is shown in Fig. 1 . All k-point meshes were generated by the Monkhorst-Pack method [20] . Moreover, a Gaussian broadening with a width of 10 −2 eV for smearing was used to guarantee the accuracy up to 10 −3 Ry. Unit cell volumes and atomic positions have been relaxed to obtain geometrical optimization until the stress tensor, interatomic forces, and total energies were reduced to less than 10 −3 (Ry/Å). A thorough and detailed discussion about the surface simulation is given in the appropriate subsection.
Results and discussion

Properties of bulk manganese oxides
Recently, the bulk characteristics of manganese oxides have been extensively investigated using a wide variety of methods. In this section, a summary report on the ground-state properties of manganese oxides will be delivered, while the main aim of this study is to simulate their surface. [17, 21] . In order to ensure the criteria which are performed, calculated volumes are compared to the experimental measurements via relative error, whereas an underestimate prediction of the volumes is obtained.
The magnetic properties and unusual magnetic orderings of multivalent manganese oxides have been studied experimentally. It is reported that MnO and Mn 2 O 3 crystallize in the antiferromagnetic phase when Mn 3 O 4 exhibits ferrimagnetic behavior and MnO 2 has a helically ordered moment [22, 23] . In this work, a spin-polarized calculation was performed and an absolute magnetic moment (M ) in all Mn oxides is calculated (see Table I ). Furthermore, from the total density of states (TDOS) and band structure, as illustrated in Fig. 2 , the bandgap between valence band (VB) and conduction band (CB) is observed to be assessed and compared with earlier studies both experimentally and theoretically. BLYP functional predicts an insulated ground-state for all Mn oxides; when the calculated bandgaps are underestimated in comparison with the experimental measurements. One can notice that MnO, MnO 2 , and Mn 2 O 3 exhibit a direct band; meanwhile the top of VB and the bottom of CB locate in Γ -point. It is shown that Mn 3 O 4 crystalline structure has two possible direct pass at Γ and M points with similar magnitude at the Brillouin zone. For Mn 2 O 3 , the highest state of the VB from Γ to other points also is fairly flat, indicating to a minute energy difference between these points, which might be the reason for reporting diverse points as VB maxima using different DFT approaches. Furthermore, VBs in Mn 2 O 3 and Mn 3 O 4 are comparatively flat in comparison with CBs, which shows a large effective mass for the holes. As shown in relevant DOSs, the sharp peaks along VBs near the Fermi level are consistent with the flat bands. CBs, on the other hand, indicate high dispersive feature along the symmetrical points which indicates a low effective mass of electrons. Such potential characteristics will lead to stunningly electronic behaviors. Moreover, it is demonstrated that VBs are mostly composed of O 2p and Mn 3d orbitals while the CBs are solely formed by the contribution of Mn 3d orbitals. This is fairly common among transition metal oxides as described abundantly [24] .
Surface (001) reconstruction
In the succeeding sections, attention will be focused on the Mn 3 O 4 and Mn 2 O 3 surface reconstruction for the following reasons. Firstly, theoretical surface studies by a vast number of computational approaches on MnO and MnO 2 surfaces have been fully developed to investigate the structural, electronic, and magnetic properties of these materials in agreement with empirical evidences [31] [32] [33] . Secondly, recent experimental studies recommend that Mn 3 O 4 and Mn 2 O 3 compounds due to the stabilization and concentration of the Mn +3 , exhibit distinctly catalytic performance [34, 35] . Therefore, a detailed presentation of the MnO and MnO 2 surface reconstruction is beyond the purposes of the present study and it will be described elsewhere. Thus, after a brief discussion of the computational methods used in the search of theoretically stable models, consideration will be focused on the electronic structure of Mn 3 O 4 and Mn 2 O 3 surfaces. To investigate surfaces, the supercell approach is employed. In each case, to reduce the interaction of the close periodical image an orthorhombic unit supercell is considered with a vacuum gap placed upon it. The supercells of Mn 3 O 4 and Mn 2 O 3 consist of 28 and 80 atoms with respect to the bulk configuration, repeated periodically with vacuum gap of 18 Å (c = 21.168) and 38 Å (c = 47.023), respectively. In fact, the surface morphology has a prominent impact on surface energy. Therefore, three low-indexed (010), (001), and (100) surfaces were investigated in order to reconstruct the surface. In addition, there are two possible cleaved terminations for these orientations: either a surface completely covered with Mn (T M n ) or a mixed Mn and O (T M n−O ) when the former being the least stable one. Then, surfaces were represented by one exterior layer consisting of both Mn and O atoms with relaxation while interior layers had been fixed. The Brillouin zone k-point was carried out just in Γ -point. Finally, the strain and total energies per repeated slab have been computed and listed in Table II . It is (001) surface which is presented the lowest energies for both oxides. Thus, (001) surfaces with the termination of T M n−O are selected as a favorable configuration based on equilibrium morphology theory as well as predicted by previous theoretical calculations [36] . In fact, a recent experiment has provided evidence which Mn 3 O 4 can be cleaved to (001) oriented surfaces and its experimental growth has been achieved on Pd and MgO substrates under suitable preparatory conditions [37] . Lately, Wang et al. have shown that DFT-GGA suffers from some systematic errors in evaluating the energy of oxidation reactions [38] . In these circumstances, DFT+U is an efficient remedy which is based on an addition to the DFT energy functional. For simulation involving the surface, calculations are performed by using both DFT and DFT+U approaches. The latter presents an electron-electron interaction as a correction in order to describe systems with localized d-state electrons which affect the anti-and ferromagnetic oxides. In the spirit of the Hubbard model Hamiltonian: as effective interaction parameter U ef f =Ū −J was chosen whereŪ andJ are spherically averaged matrix elements of on-site Coulomb interactions in the localized d-state and on-site exchange parameter for Mn 3d within the approach of Dudarev et al. [39] . The equation that describes Hubbard correction energy (E Hub ) to the standard approximate DFT energy functional is as follows:
Here I and σ are the atomic site index and the spin index (σ =1 or -1), respectively, and n is the occupation matrix. The values of 6.1 eV for Mn 3 O 4 and 3.6 eV for Mn 2 O 3 surfaces are obtained through this method.
As might be expected, DFT provides an unsatisfactory description when a metallic nature is assigned to both surfaces and the spin-polarized calculations have shown no magnetic momentum as a result of precise symmetry for the spin-up and down states in Mn 2 O 3 surface. On the contrary, DFT+U approach has much better description. TDOS, presented in Fig. 3a , attributes half-metallic behavior to Mn 2 O 3 surface when it acts like a metal in spin-up and an insulator on the opposite orientation. In spin-up, occupancy on the Fermi level is particularly considered where the Fermi energy (E f ) is located inside a widely uniform band.
For Mn 3 O 4 the situations are roughly comparable for both approaches. Both DOS diagrams as shown in Fig. 3b depict a half-metal behavior, where the number of free states above E f has significantly increased next to the insulating bulk's character. It results in higher conductivity as suggested by previous studies [40] . Moreover, DFT+U predicts that the bandgap between the highest occupied and lowest empty state of spin-up is become narrower. Interestingly, E f is taken up by spin- down and illustrated metallic nature. Moreover, it is shown that occupied 3d-orbital states of Mn atoms play the major role around E f while 2p-orbitals of oxygen predominantly have minor impact on entire VB. Free states above the Fermi states, on the other side, are mostly formed by unoccupied 3d-orbitals of Mn atoms. Further, total magnetization of 9.31 µB/cell is calculated as a direct result of these orbitals, which do not usually intervene in orbital hybridization and will lead to establishment of a magnetic localized area and magnetism demeanor.
For a slab model, the surface energy (E sur ) is defined by following expression:
Here, E slab is the total energy per repeated slab supercell and E bulk stands for the total energy per unit cell in the bulk within DFT+U ; n and A are number of unit cells and surface unit area, respectively. The factor 2 takes into account that the slabs are terminated by two identical surfaces. As a result, the values of E sur were calculated to be +0. 13 O 16 ). The calculations are carried out with the same structures used in the surface reconstruction, in order to make a direct comparison. Atomic positions are followed by relaxation where four surrounding oxygen atoms shift to the vacant position by around 0.3 Å. The total energy of relaxed V M n is calculated to use in the subsequent subsections.
Basically, cation vacancy in the majority of transition metal oxides induces magnetism. Due to this fact, defected structures of Mn 2 O 3 and Mn 3 O 4 with orthorhombic crystal symmetry have shown a significant magnetic momentum of 9.77 and 14.26 µB with a local magnetic moment on neighboring. Such profound magnetization in Mn 2.75 O 4 , which is 1.5 times higher than on clean (001) surface, stems from distortion in the octahedral site based on the Jahn-Teller effect, which transformed the electron density distribution. Moreover, it indicates a natural tendency for a transition to metal-like phase.
Cation substitution at the Mn site
The intercalation of multivalent cations, such as Ca
+2
and Al +3 as well as univalent Li + and Na + into the surface is developing rapidly. There has been a great deal of research into the potential benefits of using this technique [43, 44] . Newly, some types of doped MnO 2 are used in commercial alkaline batteries due to their tunnel structure [45] . Consequently, computational modeling of such intercalations in the Mn 2 O 3 and Mn 3 O 4 (001) surfaces has been simulated. In this study, the dopant atom (Ð) is placed in the vacant position of Mn +3 ion through the external layer which is established in the previous subsection. Then, relaxation in variable cell and atomic position for a top atomic layer, which is composed by Mn and O and Ð, is carried out while lower layers were frozen. As a result, atomic positions are displaced by around four percent just for neighbors. Besides, lattice parameters have been altered mainly because the ionic radii of these dopants (Li + : 0.9, Na + : 1.16, Ca +2 : 1.14 and Al +3 : 0.67 Å) are quite different compared to Mn
+3
(0.72 Å). Although, it is rightly expected that Al +3 ion is the most favorable dopant not only for identical oxidation state, but also for the closest ionic radius to Mn +3 . DOS graphs are sketched in Fig. 4 . A transition to metallic phase for all systems is exhibited. Moreover, projected DOSs show that orbital states of doped atoms are the main responsible of these marked changes. For both oxides, the number of states at Fermi level (ε) has increased significantly in comparison with the clean surface; the maximum number of ε is counted up for Ca and Na intercalation, which recommends applying them in conducting system or water-oxidizing catalyst [46] . Among all, Li and Na intercalations as n-type doping have provided the highest absolute magnetic moment and the spin splitting in both cases. It depicts powerful magnetic characteristic as result of the concentration of s-orbital which has striking impact on the magnetic attributes, magnetization quantity, and configuration of magnetic moments. Spin polarization (P ) at the Fermi level as an influential parameter in the magnetism of half-metal systems is defined as:
where n ↑ and n ↓ are the count of states at E f in the spin-up and -down. In particular, CaMn 11 O 16 as n-type doping shows highest spin polarization. The solubility or formation energy (E f orm ) of dopant atom in Mn x O y systems under ambient conditions can be calculated by the following equation:
where, E tot (ÐMn x−1 O y ) and E tot (Mn x−1 O y ) represent the total energies of doped system and defected system with one vacant position at the Mn site, respectively. E tot (Ð) is the total energy of single dopant atom in the ground-state and optimized unit cell. Established values are summarized in Table III . A positive value (≈ 1 eV) of E f orm has been obtained by all Mn 2 O 3 systems. This means that substitutional doping of these dopants in Mn 2 O 3 is unlikely to form under thermodynamically equilibrium conditions. A similar situation is found for doped systems of Mn 3 O 4 surface with the exception of Al Mn 11 O 16 whose E f orm turns out to be negative. This value is calculated to be -2.9 eV and illustrates energetically favorable mechanism. Therefore, the Al doping will occur easily. Various experimental studies have explored this possibility of doping by intercalating in the bulk Mn 3 O 4 [47, 48] . Here it is demonstrated that the same is also possible at the top layer level within (001) surface. surfaces under reaction with a water molecule, an orthorhombic supercell including optimized vacuum gap was carried out when the center of mass of water molecule in the symmetric orientation is located upon the exterior layer within (001) surface. Note that neutral molecule is used in this study. To investigate the adsorption site of H 2 O, the total energies of two possible sites are calculated for both Mn 2 O 3 and Mn 3 O 4 : upon the topmost Mn atoms and upon topmost O atoms in terminated surface (T M n−O ). Energetically, the adsorption upon one of O atoms is chosen as stable and likely site in each case. Upon reaching the adsorption site, crystalline lattices are optimized significantly. It is observed that atomic positions in the relaxed structures have shifted by smaller than 1% due to the saturation of the vacant sites. Despite, these small displacements led to a slight decrease in the interplanar distance between top and lower layers in the supercell without changing the surface structure.
The electronic structure of VB is profoundly involved in the catalytic mechanism. Therefore, DOS graphs within energy range of -7.0 to 8.0 eV have been computed (see Fig. 5 ). Besides, numerical DOS analyzes are summarized in Table IV . Manganese atoms illustrate the major contribution in the early VB from -6 to -3 eV and entire CB that instinctively stems from 3d-orbitals, both occupied and unoccupied. On the contrary, the vast majority of states around Fermi level are formed by O 2p. Further, few thin peaks in VB and especially around Fermi edge are constructed by O 2p state of water while negligible impact of hydrogen s-orbital is observed just on early VB. Overall, it can be seen that: (i) DOSs do not draw a distinction between valence and conduction bands and contribution of states has changed considerably. In particular, the bandgap, which had been previously predicted by (001) surface calculation, is disappeared. (ii) Adsorption on (001) surface exhibits metallic nature meanwhile spin-up and -down crossing Fermi level. Such dramatic transformation will effectively lead to marked improvement in mechanical strain, conductivity and ultimately phase transitions. (iii) for Mn 3 O 4 , the magnetization has decreased compared to clean surface, whereas the value of spin polarization around Fermi level presents an increase.
Adsorption energy (E ads ) as a significant indicator can be defined as
where E H2O:M nxOy refers to the total energy when a H 2 O molecule is attached to the surface, E M nxOy is the total energy of clean surface, and E H2O is the energy of a single water molecule. The values were set in Table IV. There are two notable points in these results. Firstly, both adsorption energies are found large and negative, indicating thermodynamical stability. It describes the adsorption possibility as the catalytic performance of these compounds which has been studied extensively in industrial and environmental applications. Secondly, water adsorption upon the surface of Mn 3 O 4 is less energetically favorable than that of adsorption on the Mn 2 O 3 surface as it has been successfully adopted in previous analyses of the manganese oxides [41] . 
Conclusion
To conclude, the main objective of this study was set to analyze the structural, electronic, and magnetic properties of multivalent manganese oxides which were induced by various mechanisms of the vacancy-defected, absorption on the surface and identifying cation doping for fairly accurate determination of the electron-hole densities. It is firstly found that bulk states present an insulating ground-state for all Mn oxides with wide bandgap within BLYP functional. Moreover, surface (001) reconstruction has been considered for Mn 2 O 3 and Mn 3 O 4 , when the most marked improvement in magnetism has been produced by a vacant position at Mn +3 site which prepared a significant absolute magnetic momentum in orthorhombic crystal symmetry. Cation substitution at the Mn +3 site has been also investigated as n-type doping via multi-and univalent ions and the formation energies are calculated. An interesting outcome of this investigation is that Al +3 doping will occur easily. Finally, adsorption of water molecule upon (001) surfaces is simulated. Due to the large and negative adsorption energies, Mn 2 O 3 and Mn 3 O 4 might be suitable for serving as a catalyst. Based on these arguments, results may be useful to exploit their considerable potential in industrial and environmental applications as well as electronic devices. Molecular dynamic and electronic properties of clusters will be probed in future investigations.
